Emerald from the deposits at Poona shows micrometre-scale chemical, optical, and cathodoluminescence zonation. This zonation, combined with fluid inclusion and isotope studies, indicates early emerald precipitation from a single-phase saline fluid of approximately 12 weight percent NaCl equivalent, over the temperature range of 335-525 • C and pressures ranging from 70 to 400 MPa. The large range in pressure and temperature likely reflects some post entrapment changes and re-equilibration of oxygen isotopes. Secondary emerald-hosted fluid inclusions indicate subsequent emerald precipitation from higher salinity fluids. Likewise, the δ 18 O-δD of channel fluids extracted from Poona emerald is consistent with multiple origins yielding both igneous and metamorphic signatures. The combined multiple generations of emerald precipitation, different fluid compositions, and the presence of both metamorphic and igneous fluids trapped in emerald, likely indicate a protracted history of emerald precipitation at Poona conforming to both an igneous and a metamorphic origin at various times during regional lower amphibolite to greenschist facies metamorphism over the period~2710-2660 Ma.
Introduction
Emerald is one of the best host minerals for fluid inclusion studies. Fluid inclusions in emerald are mentioned on the first page of the most famous of fluid inclusion manuscripts [1] and reference is made to an even earlier publication on two-phase (liquid-vapour) fluid inclusions in emerald [2] . Emerald crystals from Poona contain elongate two-phase c-axis-parallel fluid inclusions and this paper presents new data on the fluids responsible for emerald precipitation at Poona. Poona is an emerald mining district located approximately 75 km to the northwest of the town of Cue in Western Australia ( Figure 1 ). Other mines in the area have produced primarily tin, lithium, and beryllium. The primary source of beryllium is beryl with lesser chrysoberyl. Emerald was discovered at Poona in 1909 and gem quality emeralds have been produced from the area [3] . Most of the emerald extracted from the Poona district came from the Aga Khan mine, with total production in the area in excess of 23,000 carats [4] . Much of the emerald material extracted from the area was too pale in colour and only a small amount was of value.
Emerald forms in a variety of geological settings [5, 6] . The common theme of these settings is an environment rich in beryllium and rich in chromium and/or vanadium, the two dominant The Poona emerald deposits have been studied by a number of researchers [4, [13] [14] [15] [16] . These are challenging deposits to classify as the local geology consists of poly-metamorphosed and deformed rocks with multiple localized granitic intrusions. This study utilizes fluid inclusions, stable isotopes, mineral chemistry, and petrology to determine the geological conditions responsible for the emerald mineralization at Poona. Early studies [4, 13] on the Poona emerald genesis concluded that emerald deposits formed during contact metamorphism and pegmatititic hydrothermal processes are related The Poona emerald deposits have been studied by a number of researchers [4, [13] [14] [15] [16] . These are challenging deposits to classify as the local geology consists of poly-metamorphosed and deformed rocks with multiple localized granitic intrusions. This study utilizes fluid inclusions, stable isotopes, mineral chemistry, and petrology to determine the geological conditions responsible for the emerald mineralization at Poona. Early studies [4, 13] on the Poona emerald genesis concluded that emerald deposits formed during contact metamorphism and pegmatititic hydrothermal processes are related to granite intrusion. A metamorphic origin for the Poona emerald deposits was suggested by [14] . Subsequently a detailed petrographic study [15] postulated that emerald formation is restricted to multiple geological scenarios involving a combined igneous and subsequent metamorphic precipitation.
Early work at Poona included a preliminary petrographic description of fluid inclusion (FI) types and morphologies from Poona [13] , but this work was superceded by the more detailed FI microthermometric study [4] . However, that work was based on the older classification system [17] and the data from [4] has been integrated in this study where possible. The early petrographic study [4] identified multiple fluid inclusion types (FITs) including seven primary FITs and two secondary FITs. That study also briefly discussed pseudo-secondary fluid inclusions, and these were classified as part of the primary FITs. Although extensive, study [4] did not take advantage of growth-zoned emerald to uniquely identify primary fluid inclusions and utilize fluid inclusions assemblages (FIAs) as per [18] . FIAs are synchronous assemblages and linking FIAs to growth zones establishes an FIA as primary. This is consistent with the [17] classification, clearly relates fluids to crystal growth, may establish relative timing between different fluid generations, and can establish unambiguous pressure, temperature, and fluid conditions during crystal formation. Post entrapment changes were also identified [4] in all fluid inclusion types including decrepitation and necking-down [17] . Using the more modern FIA approach, "primary" FIs from [4] would not be classified as primary and his photographic and microthermometric evidence is consistent with most of these seven primary FITs classified as secondary based on assemblages, lack of growth zones, and indications of post-entrapment changes. Secondary FIs from [4] are consistent with our determinations, but even these show evidence of post-entrapment changes and cannot be clearly related to emerald formation; and thus provide limited formational information.
Our study builds upon the previous fluid inclusion research [4] and targets specific primary FIs within zoned emerald to establish formational conditions. These zoned emeralds were carefully selected and represent mineralization from the preferred zones of emerald formation at the phlogopite schist and pegmatite interface [3, 4] . We include only FIAs and FIs petrographically and microthermometrically deemed to have undergone minimal post-entrapment changes. The intent of this research was to determine if a more detailed fluid inclusion study combined with oxygen isotope thermometry and sourcing studies could discriminate between the existing models to determine a single mode of emerald precipitation or provide further validation of the combined igneous and metamorphic model [15] .
Geological Setting
The emerald deposits of the Poona region occur in the northern Murchison Domain of the Youanmi Terrane that forms part of the mineral-rich Archean Yilgarn Craton. The northern Murchison Domain contains autochthonous volcano-sedimentary greenstone sequences (2820-2700 Ma) that include intrusive mafic-ultramafic rocks, and extensive suites of granitic rocks (2815-2600 Ma) that accompanied and post-dated greenstone belt volcanism [19] . Generally, the metamorphic grade in this region varies from lower amphibolite facies to lower greenschist and prehnite-pumpellyite facies. The greenstone sequences and some granitic suites have been multiply deformed. This included ã 2675 Ma deformation event and extensive strike-slip shearing during a late~2660-2630 Ma event that was followed by post-tectonic granite emplacement up until approximately 2600 Ma [19] . Three suites of granitic rocks occur in the region of the Poona emerald deposits. The older Annean Supersuite (2787-2733 Ma) is dominantly comprised of metamorphosed and deformed tonalite-trondhjemite-granodiorite, that is relatively low in SiO 2 and K 2 O, and high in MgO, and probably was derived from a mid to lower crustal source [20] . The Big Bell Suite (2720-2690 Ma), comprised of tonalite to monzogranite, probably was derived from a mid-crustal source [20] and was emplaced syn-tectonically during the D 3 regional deformation (2710-2660 Ma). The post-tectonic Bald Rock Supersuite (2640-2605 Ma) includes the Walganna Suite of biotite ± muscovite monzogranite to syenogranite and the Wogala Suite of fluorite-bearing alkali granite. These granites are the most fractionated in the Murchison Domain, being relatively high in SiO 2 , Y, Cs, Rb and Th, and low in MgO and Sr, and having comparatively large negative Eu anomalies. They probably were derived from a shallow crustal source [20] . The Wogala Suite alkali granites are a possible source for Li, Be, F, Sn, Ta pegmatites that occur across the region [19, 21] .
Host rocks to the Poona emerald deposits (Figure 1 ) are predominantly metamorphosed and sheared Youanmi Terrane greenstones comprising mafic-ultramafic phlogopite-tremolite-talc-chlorite schists and amphibolite that contain pegmatite and granodiorite intrusives [4] . Emerald mineralisation at Poona forms a distinct E-W trending zone defined by the dominant foliation within the country rock schists and the strike of pegmatite veins, metadolerite dykes and elongate quartz ridges [4] . The major pegmatites strike 270 • with a dip of~25 • S, however pegmatite veins also vary from the E-W trend and crosscut all structures and lithologies, suggesting that some pegmatites post-date deformation [4] . This E-W trending foliation (D 2 of [4] ) probably formed during the regional D 3 deformation from 2710-2660 Ma [19] . This deformation produced tight E-W trending folds of greenstones in the area south of the Weld Range (NE of Poona) and has been linked to a period of widespread emplacement of granitic rocks in the NE Murchison Domain [19] . A subsequent phase of regional deformation (D 4 ) produced N-NNE-trending folds and strike slip shear zones, foliations and metamorphic mineral elongation lineations within and along the margins of the Mount Magnet-Meekatharra structural corridor [19] . These D 4 structures formed over the period~2660-2630 Ma [19] . The greenstones at Poona were folded to produce a large northerly plunging syncline (which probably is a D 4 structure) with a change in the orientation of the greenstone foliation of NE-SW dipping to the W to NW-SE dipping to the E [4] . Some pegmatite and granodiorite intrusives at Poona were pre-or syn-tectonic, as suggested by their conformable orientation within the regional tectonic fabric and boudinaged textures (cf. [4, 8] ), and this might indicate that they were related to the Big Bell Suite (2724-2690 Ma), comprising foliated tonalite to monzogranite, which is part of the Austin Downs Supersuite.
Three styles of emerald mineralisation have been identified in the Poona area [15] .
(a) Emerald associated with quartz-feldspar pegmatites of the Poona pegmatite field [21] . These pegmatites are poorly zoned to unzoned and contain quartz, albite, microcline, oligoclase, beryl, muscovite and garnet [21] . They are generally enclosed by phlogopite schist and emeralds are most common proximal to pegmatite-schist contacts. The deepest green emeralds occur in the phlogopite schists adjacent to the pegmatites [3] . Lithium-bearing pegmatites also occur in the area and can contain white to light green beryl (not emerald) associated with lepidolite, cassiterite, columbite-tantalite, fluorite, garnet and apatite [21] . The distinction between the emerald-beryl-bearing and Li-bearing pegmatites suggests that there were at least two generations of pegmatite emplacement in the Poona field derived from different source magmas [4] . (b) Emerald associated with ruby, sapphire, topaz, alexandrite and chrysoberyl occurs in banded quartz-muscovite-fluorite-margarite-beryl greisen veins in phlogopite matrix. Accessory minerals include zircon, monazite, cassiterite, apatite, chlorite and plagioclase. Deep green emerald is rare in this style of mineralisation where beryl is commonly colourless to light green. (c) Quartz-margarite-topaz veins and lenses in phlogopite schist (Poona East emerald mine).
Emerald occurs hosted by phlogopite schist adjacent to the margins of these veins. Crystals vary from light green to deep green and may be zoned. These quartz-margarite-topaz veins probably were originally beryl, lepidolite and zinnwaldite-bearing pegmatites that contained accessory ferrotantalite-ferrocolumbite.
Generally, the better emerald mineralisation at Poona is associated with phlogopite schists adjacent to syn-tectonic pegmatites and granodiorite intrusives, that were probably emplaced during regional metamorphism over the period~2710-2660 Ma, and may have been derived from the Big Bell Suite granites [4, 19, 20] . The Bald Rock Supersuite granites are the most likely source of the post-tectonic Li, Be and Sn-bearing pegmatites at Poona due to their degree of fractionation and shallow crustal source [19, 20] . These conclusions about the timing of pegmatite emplacement and emerald mineralisation have been drawn based on the regional geological framework for the Northern Murchison Domain [19, 20] . However, local geochronological data are sparse and a detailed geochronological study of the Poona emerald field is required to resolve timing uncertainties but is beyond the scope of this study.
Materials and Methods

Sampling
In this study, we examined crystals of emerald-green beryl from quartz and pegmatite veins hosted in phlogopite schist from three specimens in the Simpson-MDC Collection at the Western Australian Museum (specimen numbers MDC 200, 729, 1811). These specimens contain generally pale to medium green crystals of beryl and dark green emerald in quartz-feldspar pegmatite and adjacent phlogopite schist. Their locations are shown in Figure 1 . Sample MDC 200 was derived from the Aga Khan mine, which was historically the largest in the field. Sample MDC 729 came from ML 73 in the SE of the field and MDC 1811 was sampled from Ryans Reward ML 45, now called the Reward Open Cut (Pit A of [4] ). The Reward Open Cut comprised phlogopite schist with kaolinised pegmatite pods of formerly green beryl-bearing pegmatite [4] . The pods were interpreted as boudinaged segments of a once continuous pegmatite vein and emeralds were commonly associated with seams of coarse fluorite within the phlogopite schist in the Reward Open Cut.
Mineral Composition Data
Electron microprobe analyses of beryl were performed at Carleton University using an automated 4 spectrometer Camebax MBX electron probe by the wavelength dispersive X-ray analysis method (WDX). Operating conditions were: 15 KV accelerating potential and a beam current of 20 nano-amperes (nA). Counting times were up to 50 s or 40,000 accumulated counts. X-ray lines were chosen to minimize or eliminate possible elemental interferences. Raw X-ray data were converted to elemental weight % via the Cameca PAP matrix correction program. For the elements considered, the following standards, X-ray lines and crystals were used: synthetic spinel, Al Kα, TAP; Camargo olivine, Mg Kα, TAP; albite, Si Kα, TAP; wollastonite, Ca Kα, PET; MnTi, Ti Kα, PET; YVO 4 , V Kα, PET; synthetic chromite, Cr Kα, LIF; MnTiO 3 , Mn Kα, LIF; synthetic fayalite, Fe Kα, LIF: barite, Ba Kα, PET; microcline, K Kα, PET; synthetic cesium doped glass, Cs Lα, PET; scandium metal, Sc Kα, PET; tugtupite, Cl Kα, PET; jadeite, Na Kα, TAP. H 2 O was measured via a manometer during stable isotope analyses and an average value used to complement the probe analyses. Oxygen was calculated by stoichiometry and Be was calculated by difference.
Fluid Inclusion Measurements
For this study, 56 fluid inclusions from the emerald at the contact between pegmatite and phlogopite schist were targeted for microthermometric measurements. Initial petrographic work was completed in order to identify different fluid inclusion assemblages in both quartz and emerald. against the standards and results were always within ±0.2 • C for the two low temperature phase transitions and within ±1.0 • C of the higher temperature phase transition. To avoid post-entrapment volume changes in the measured fluid inclusions, low temperature measurements were performed prior to the high temperature measurements as per [17] . The temperatures for the first melting, ice melting, clathrate melting, and total homogenisation were recorded.
Stable Isotope Measurements
Stable isotope studies were performed on emerald and quartz from the samples described above and analyzed at Queen's University. Emerald and quartz pairs in textural equilibrium were identified in hand specimen and via petrographic study. These individual emerald and quartz pairs were extracted from the hand specimens and polished thin section offcuts, then crushed and sieved. The size fraction between 0.1 and 0.2 mm was hand-picked to obtain mineral separates free of mineral inclusions. The samples were then washed in a 10 wt % HCl solution, cleaned in successive baths of acetone and distilled water and sent for analyses. Extraction, trapping and measurement of channel water, from emerald above 800 • C and subsequent hydrogen isotope analyses were performed using the combined methods of [22, 23] via high temperature conversion and direct continuous flow to a Finnigan Delta Plus XP mass spectrometer (Thermo-Electron, Langenselbold, Germany). Structural oxygen isotope compositions of emerald and quartz were determined via laser silicate fluorination using the BrF 5 method [24] . Stable isotope measurements were made using a dual inlet Finnigan MAT 252 isotopic ratio mass spectrometer and are reported in units per mil (‰) relative to the standard Vienna standard mean ocean water (VSMOW).
Emerald Petrography and Composition
Colour zoning in Poona emerald crystals is rare but observed [4, 15] . In our specimens, it is generally absent optically, both in hand specimen and plane polarized thin section petrography. In transmitted light, emerald in the pegmatite adjacent to the phlogopite schist displays rare zoning under crossed nicols (Figure 2 ). More pronounced zoning is observed during cathodoluminescence (CL) studies with the zonation corresponding to changes in chemical composition ( Figure 3 ; Table 1 ). Quartz in our study displayed no optical or CL zoning. Cores of some emerald show resorption and subsequent reprecipitation of additional growth zones, indicating multiple emerald mineralizing events consistent with [15] . Electron microprobe analyses were conducted traversing multiple growth zones across the emerald crystal shown in Figure 2 , perpendicular to the growth zones and the c-axis of the crystal. Cr, V, and Fe concentrations determined by electron microprobe varied from one growth zone to another with the outer zones often enriched in Cr and to a lesser extent V and Fe ( Figure 3) showing decreased CL emission. However, the core of the emerald is also dark, indicating that other elements may also be responsible for CL emission or quenching. Interestingly the intensity of CL emission from the Poona emerald is generally the opposite of what is normally observed in emerald with the Cr and V enriched zones generally being more CL active (cf. [25] ). There is a good agreement between Cr and V concentration with a relatively poor correlation between these elements and Fe. Overall, the Poona emerald is chromium dominant, with the colour zones in the emerald crystal resulting in the observed colourless beryl cores and green emerald outer zones. A similar trend, but also the reverse trend of green (Cr-rich) cores enclosed by outer zones of colourless beryl has been documented [4] . Since substitution occurs at the Y site in the crystal structure of beryl, the variations in colour are attributed to complicated substitutions at this site and/or slight variations in fluid composition, with values of Cr 2 O 3 , V 2 O 3 , and Fe 2 O 3 , ranging up to 0.27, 0.04, 0.28 wt % respectively. The concentrations of Fe, Cr, and V have been plotted relative to emerald analyses worldwide ( Figure 4 ). The elemental concentrations from this study and past data [3, 4, 16] are in good agreement. However, as noted by previous researchers, emerald from these deposits is zoned and variable in chemical composition. The more chromium-rich zones of the crystal are plotted in dark and the colourless beryl in light on Figure 4 . It is easily identifiable that the concentrations of Cr have resulted in this spread in the data. Notably, the Poona emerald displays chemical overlap with deposits in Madagascar, Afghanistan, Colombia, and other Australian emerald deposits. Selected cation concentrations relative to Al and Mg + Mn + Fe respectively are plotted in Figures 5 and 6 . There is a difference between the colour zonations highlighted by the cation concentrations versus Al, as substitution occurs at this site with varying compositions of chromium and vanadium. The Na 2 O values from this study range from 0.21 to 0.37 and slightly lower, but in agreement with previously published electron microprobe data [16] , with values ranging up to 0.49 and one anomalous value at 0.89 wt % Na 2 O. Electron microprobe data from another study [3] reported one Na 2 O value of 0.48 wt %. Na concentrations are important as they are proportional to water contents within emerald [26] . Na2O value of 0.48 wt %. Na concentrations are important as they are proportional to water contents within emerald [26] . Na2O value of 0.48 wt %. Na concentrations are important as they are proportional to water contents within emerald [26] . [6, 7, 25, 27] . Data are normalized from wt % microprobe analyses (Table 1) , with Fe data reported as FeO. Other Australian emerald data are from Menzies and Emmaville-Torrington. [6, 7, 25, 27] . Data are normalized from wt % microprobe analyses (Table 1) , with Fe data reported as FeO. Other Australian emerald data are from Menzies and Emmaville-Torrington. [6, 7, 25, 27] . Data are normalized from wt % microprobe analyses (Table 1) , with Fe data reported as FeO. Other Australian emerald data are from Menzies and Emmaville-Torrington. Previous mass-spectrometric studies of fluids trapped within the channels in beryl and within fluid inclusions have been used to characterize the quantitative and qualitative compositions of fluids within emerald [26, 28, 29] . Water within the structural channels of emerald has been characterized as Type I and Type II, based on the orientation of the water molecule within the c axis [30] . The Type I water is free of alkalis and unbonded. Type II water is coordinated to alkali cations: Na+, K+, Rb+ and Cs+ with two water molecules bonded to a Na+ ion. Depending on the concentration of Na+, enrichment in molecular H2O can be predicted. Earlier studies [6] and [26] fit existing data to equations: H2O = 0.84958 × Na2O + 0.8373
(1) H2O = 0.87860 × Na2O + 1.2680 (2) respectively with H2O and Na2O measured in wt %. A water content of 1.8 wt % was measured in this study via mass spectrometry for the same sample as the electron microprobe data. These new data, as well as recently published H2O-rich emerald data and Na2O contents, and the original data [26, 28] have been combined ( Figure 7 ; Table  2 ) and are best defined by the relationship: H2O = 0.5401 ln Na2O + 2.1867
with H2O and Na2O measured in wt %. This new equation has an r 2 of 0.88 and extends the prediction of H2O contents from higher Na2O concentrations to lower values and trends towards the theoretical minimum of zero values for both H2O and Na2O. Previous mass-spectrometric studies of fluids trapped within the channels in beryl and within fluid inclusions have been used to characterize the quantitative and qualitative compositions of fluids within emerald [26, 28, 29] . Water within the structural channels of emerald has been characterized as Type I and Type II, based on the orientation of the water molecule within the c axis [30] . The Type I water is free of alkalis and unbonded. Type II water is coordinated to alkali cations: Na+, K+, Rb+ and Cs+ with two water molecules bonded to a Na+ ion. Depending on the concentration of Na+, enrichment in molecular H 2 O can be predicted. Earlier studies [6, 26] fit existing data to equations:
respectively with H 2 O and Na 2 O measured in wt %. A water content of 1.8 wt % was measured in this study via mass spectrometry for the same sample as the electron microprobe data. These new data, as well as recently published H 2 O-rich emerald data and Na 2 O contents, and the original data [26, 28] have been combined ( Figure 7 ; Table 2 ) and are best defined by the relationship: Channel H2O versus emerald Na2O contents for a variety of emerald deposits. Comparison to the new fit (Equation (3)) is shown in black signature relative to the previously derived equations of [6, 26] shown in grey solid and dashed signatures respectively. (3)) is shown in black signature relative to the previously derived equations of [6, 26] shown in grey solid and dashed signatures respectively.
Fluid Inclusions
Reconnaissance petrography identified three samples containing emerald-bearing pegmatitic or quartz vein materials with varying amounts of phlogopite rich attached wallrock. Doubly polished plates for fluid inclusion study were prepared. Samples of coexisting quartz and emerald from the same three samples were chosen for stable isotopes studies.
Fluid inclusion petrography identified four dominant Fluid Inclusion Types (FITs) present in both the emerald and coexisting quartz. FIT-1 is a CO 2 -absent two-phase (vapour + brine) assemblage represented by abundant primary fluid inclusions. FIT-2 FIs display similar liquid to vapour ratios as FIT-1. However, microthermometry reveals the FIT-1 FIs and FIT-2 FIs have markedly different salinities and eutectic temperatures. FIT-3 is composed of CO 2 -bearing two-phase (vapour + brine) fluid inclusions. It resembles FIA-1 in terms of the liquid to vapour ratios, but additional phase changes due to the presence of CO 2 easily distinguish between FIT-1 and FIT-2. The fourth FIT comprises three-phase (brine + vapour + halite ± solid) fluid inclusions. The FIs studied occur as planes of inclusions along healed fractures, growth zones or as isolated inclusions. Growth zones observed in zoned emerald (Figure 3 ) make it possible to identify emerald-hosted primary fluid inclusions belonging to FIT-1, based on timing relationships between fluid inclusions and mineral growth characteristics [17, 18, 35] or with c-axis parallel primary-fluid-inclusions (Figure 8 ) as in [7, 25] . FIT-1 primary fluid inclusions occur in both the Cr-enriched (emerald) and clear beryl zones within the same crystal. FIT-2, FIT-3 and FIT-4 occur as isolated FIs or as secondary FIs cutting growth zones, indicating a poly-fluid history for these rocks consistent with their poly-metamorphic history. As emerald is host to and has thus trapped four different FITs, there is also a protracted history of emerald/beryl saturation for these rocks. Especially FIT-2 FIs which are the most abundant FIT in the Poona samples and this abundance makes it unlikely that these FIs formed from a more regional fluid and are not the result of localized beryl saturation along occasional fractures. All the additional FITs identified in [4] were observed in our quartz and emerald fluid inclusion plates. However, as these could be identified as necked-down [17] , metastable, or of indeterminable origin [18] , our efforts concentrated on the FIT-1 FIs as these were the only FIs unambiguously identifiable as primary and thus capable of yielding valid pressure, temperature, and fluid compositional data. The microthermometric measurements from FITs 1, 2 and 3 are presented in Table 3 
Fluid inclusion petrography identified four dominant Fluid Inclusion Types (FITs) present in both the emerald and coexisting quartz. FIT-1 is a CO2-absent two-phase (vapour + brine) assemblage represented by abundant primary fluid inclusions. FIT-2 FIs display similar liquid to vapour ratios as FIT-1. However, microthermometry reveals the FIT-1 FIs and FIT-2 FIs have markedly different salinities and eutectic temperatures. FIT-3 is composed of CO2-bearing two-phase (vapour + brine) fluid inclusions. It resembles FIA-1 in terms of the liquid to vapour ratios, but additional phase changes due to the presence of CO2 easily distinguish between FIT-1 and FIT-2. The fourth FIT comprises three-phase (brine + vapour + halite ± solid) fluid inclusions. The FIs studied occur as planes of inclusions along healed fractures, growth zones or as isolated inclusions. Growth zones observed in zoned emerald (Figure 3 ) make it possible to identify emerald-hosted primary fluid inclusions belonging to FIT-1, based on timing relationships between fluid inclusions and mineral growth characteristics [17, 18, 35] or with c-axis parallel primary-fluid-inclusions ( Figure  8 ) as in [7, 25] . FIT-1 primary fluid inclusions occur in both the Cr-enriched (emerald) and clear beryl zones within the same crystal. FIT-2, FIT-3 and FIT-4 occur as isolated FIs or as secondary FIs cutting growth zones, indicating a poly-fluid history for these rocks consistent with their poly-metamorphic history. As emerald is host to and has thus trapped four different FITs, there is also a protracted history of emerald/beryl saturation for these rocks. Especially FIT-2 FIs which are the most abundant FIT in the Poona samples and this abundance makes it unlikely that these FIs formed from a more regional fluid and are not the result of localized beryl saturation along occasional fractures. All the additional FITs identified in [4] were observed in our quartz and emerald fluid inclusion plates. However, as these could be identified as necked-down [17] , metastable, or of indeterminable origin [18] , our efforts concentrated on the FIT-1 FIs as these were the only FIs unambiguously identifiable as primary and thus capable of yielding valid pressure, temperature, and fluid compositional data. The microthermometric measurements from FITs 1, 2 and 3 are presented in Table 3 [7, 25] . Photomicrograph taken in plane polarised light. All temperatures reported in degrees Celsius, Tfm = ice first-melting temperature, Tm ice = Ice melting temperature, Th vap = vapour homogenization temperature into the liquid. * Salinites are calculated as per [36] . [36] [37] [38] and are possibly dominant. Continued heating results in a progressive decrease in bubble size with total homogenisation to the liquid phase occurring over the temperature range 126 to 302 • C. As these inclusions were not related to the primary fluid inclusions, no further work was performed on this FIT.
FIT-3 FIs also petrographically resemble the FIT-1 FIs and it was necessary to perform microthermometric measurements on a small subset of these inclusions to ensure they were not secondary FIAs of FIT-1. They are markedly different in composition than FITs 1 and 2 having a carbonic as well aqueous components. Upon cooling from room temperature the FIT-3 FIs display the characteristic double jerk of aqueous-carbonic FIs. Clathrate nucleates at approximately −35 • C, followed by ice nucleation at approximately −50 • C. Upon further cooling to −160 • C no other phase nucleations were observed. Although the nucleation of CO 2 -ice should have been visible, it was not observed, this was probably due to the amount of CO 2 within the inclusions being relatively small and thus any CO 2 -ice deposited from the vapour was too small to observe or all of the CO 2 was consumed during clathrate formation. Heating the FIs from −160 • C resulted in discolouration of the FIs at approximately −70 • C. Continued heating resulted in clathrate and ice melting over the ranges 1.5 to 3.4 and −7.6 to −5.9 • C respectively. Continued heating resulted in continued size diminishment of the vapour bubble until total homogenisation of the vapour phase into the liquid over the temperature range 310 to 343 • C (Table 3) . Again, as these inclusions were not related to the primary fluid inclusions, no further work was performed on this FIT. Similarly, for FIT-4 FIs, as the petrography, secondary nature, phase proportions, and identifiable post-entrapment changes indicated no possible genetic relation to FIT-1 FIs, our study concentrated on fluids directly relatable to emerald precipitation and capable of yielding information pertaining to pressure, temperature and fluid conditions for emerald growth. Petrographically, these FITs are consistent with those previously described [4] . 
Stable Isotopes
Beryl crystallises in a hexagonal symmetry and is structured with interconnected six-membered rings of silica tetrahedra producing c-axis parallel channels. These channels accommodate aqueous fluids and dissolved cations to maintain charge balance within the beryl. The fluids trapped within the channel contribute minimally to the overall δ 18 O of the beryl host but contain the only hydrogen as molecular H2O within the beryl structure and represent the original formational fluid in equilibrium with the beryl during crystallization [23] . Extraction and trapping of the channel fluids above 800 °C and subsequent δD analyses have been used in conjunction with δ 18 O analyses of the beryl to distinguish between different emerald deposits, determine fluid source and deposit type [28] . Oxygen and hydrogen stable isotope ratios from emerald and its channel fluids at Poona (Table  4 ) yield δ 18 O values ranging from 7.6‰ to 10.1‰ and δD values from −20‰ to −55‰ relative to the VSMOW international standard. The oxygen isotope results are in good agreement with the previous emerald δ 18 O analyses of 7.0‰ and 7.5‰ [29] . The δD values from this study vary slightly from the −43.8‰ of [6] . Overlap in the δ 18 O-δD signatures (Figure 10 ) is consistent with an igneous origin [4, 13, [39] [40] [41] or with a metamorphic origin [14] or combined metamorphic-igneous genesis [15] . The limited δ 18 OVSMOW data for quartz and beryl (Table 2) yield quartz-beryl fractionation values for the Poona emerald occurrence of 2.3‰, 2.2‰, 1.0‰, and 1.2‰. These correspond to a relatively large range of equilibrium temperatures of 335 to 525 °C using an empirically derived equation [31] . Despite a large range in temperatures, these data can be combined with fluid inclusion isochores from the primary FIs and be used to place some constraints on formational conditions for the Poona emerald. * data from [6] . 
Beryl crystallises in a hexagonal symmetry and is structured with interconnected six-membered rings of silica tetrahedra producing c-axis parallel channels. These channels accommodate aqueous fluids and dissolved cations to maintain charge balance within the beryl. The fluids trapped within the channel contribute minimally to the overall δ 18 O of the beryl host but contain the only hydrogen as molecular H 2 O within the beryl structure and represent the original formational fluid in equilibrium with the beryl during crystallization [23] . Extraction and trapping of the channel fluids above 800 • C and subsequent δD analyses have been used in conjunction with δ 18 O analyses of the beryl to distinguish between different emerald deposits, determine fluid source and deposit type [28] . Oxygen and hydrogen stable isotope ratios from emerald and its channel fluids at Poona (Table 4 ) yield δ 18 O values ranging from 7.6‰ to 10.1‰ and δD values from −20‰ to −55‰ relative to the VSMOW international standard. The oxygen isotope results are in good agreement with the previous emerald δ 18 O analyses of 7.0‰ and 7.5‰ [29] . The δD values from this study vary slightly from the −43.8‰ of [6] . Overlap in the δ 18 O-δD signatures (Figure 10 ) is consistent with an igneous origin [4, 13, [39] [40] [41] or with a metamorphic origin [14] or combined metamorphic-igneous genesis [15] . The limited δ 18 O VSMOW data for quartz and beryl (Table 2) yield quartz-beryl fractionation values for the Poona emerald occurrence of 2.3‰, 2.2‰, 1.0‰, and 1.2‰. These correspond to a relatively large range of equilibrium temperatures of 335 to 525 • C using an empirically derived equation [31] . Despite a large range in temperatures, these data can be combined with fluid inclusion isochores from the primary FIs and be used to place some constraints on formational conditions for the Poona emerald. Table 4) superimposed on data from a number of world localities compiled from [6, 28] . The isotopic compositional fields are from [42] , including the extended (Cornubian) magmatic water box (grey). MWL = Meteoric Water Line, SMOW = standard mean ocean water.
Pressure-Temperature-Fluid Constraints
Ice melting temperatures for the primary FIT-1 FIs correspond to brines of moderate salinity. All individual fluid inclusion isochores were calculated via the ISOC program [43] and are shown on Figure 11 . These derived isochores were intersected with the independently obtained temperatures from the δ 18 O equilibrium between emerald and quartz to place estimates on the pressures and temperatures of formation for these emerald occurrences. The FI eutectic temperatures and ice melting temperatures measured for some of the FIs indicate the presence of an additional salt or salts [36] [37] [38] , based on eutectic or first-melting temperatures below the H2O-NaCl-KCl eutectic. FI residua from quartz samples were analysed semi-quantitively via energy dispersive analysis in an SEM and some Ca and K were identified. However, given the range of analysed Ca to K and Na ratios and the impossibility of identifying the FIA of the breached FIs, only isochores for the FIs having melting temperatures and phase assemblages consistent with modelling in the binary system H2O-NaCl were calculated. The trapping conditions range from 335 to 525 °C and 70 to 400 Mpa and the trapping conditions for the primary fluid inclusions are contained in the one-phase (liquid) field for a 12 wt % saline brine (Figure 11 ). The combined fluid inclusion isochoric constraints and the oxygen isotope thermometry are shown as a dark grey region on Figure 11 . Table 4 ) superimposed on data from a number of world localities compiled from [6, 28] . The isotopic compositional fields are from [42] , including the extended (Cornubian) magmatic water box (grey). MWL = Meteoric Water Line, SMOW = standard mean ocean water.
Ice melting temperatures for the primary FIT-1 FIs correspond to brines of moderate salinity. All individual fluid inclusion isochores were calculated via the ISOC program [43] and are shown on Figure 11 . These derived isochores were intersected with the independently obtained temperatures from the δ 18 O equilibrium between emerald and quartz to place estimates on the pressures and temperatures of formation for these emerald occurrences. The FI eutectic temperatures and ice melting temperatures measured for some of the FIs indicate the presence of an additional salt or salts [36] [37] [38] , based on eutectic or first-melting temperatures below the H 2 O-NaCl-KCl eutectic. FI residua from quartz samples were analysed semi-quantitively via energy dispersive analysis in an SEM and some Ca and K were identified. However, given the range of analysed Ca to K and Na ratios and the impossibility of identifying the FIA of the breached FIs, only isochores for the FIs having melting temperatures and phase assemblages consistent with modelling in the binary system H 2 O-NaCl were calculated. The trapping conditions range from 335 to 525 • C and 70 to 400 Mpa and the trapping conditions for the primary fluid inclusions are contained in the one-phase (liquid) field for a 12 wt % saline brine (Figure 11 ). The combined fluid inclusion isochoric constraints and the oxygen isotope thermometry are shown as a dark grey region on Figure 11 . (Table 3 , FIT-1, FIA-2) are shown in light and dark grey shaded areas respectively. The individual isochores are labelled with the first digit representing the FIT, the second digit representing the FIA, and the fourth and/or third digits representing the individual FI number from Table 3 . The liquid-vapour curve for a 12 wt % NaCl-H2O fluid, derived from the data of [36] , is shown in grey with grey text.
Discussion
One of the challenges of research in a depleted mining camp is the dearth of representative samples. The Poona emerald mines were exhausted and have been closed since last century, but fortunately suitable specimens exist in museum and university collections. This study centres on three important samples. These samples are typical of emerald mineralization in the Poona region as they were collected at the interface between the pegmatites and the phlogopite schist, which has been identified by previous workers as the most productive geological setting for emerald occurrence [3, 4] . Our samples contain zoned emerald and the presence of these growth zones has been used to discriminate between primary fluid inclusions trapped contemporaneously with emerald growth and a variety of secondary inclusions [4] , not relatable to the major phase of emerald precipitation. Additionally, our quartz occurs in textural equilibrium with the emerald from our samples and these mineral pairs have been used for fluid inclusion petrography, stable isotope thermometry and fluid tracing. Thus, our samples are petrographically representative of the defined geological setting for emerald precipitation at Poona. In consultation with additional local experts a study of clear beryl in the pegmatites is certainly feasible, but we deem the probability of finding more representative emerald, especially zoned emerald from the pegmatite-schist-interface from further field work low, and have concentrated on our existing specimens.
The primary FIs from the zoned emerald are the focus of this study and every effort has been made to relate these to the richest zones of emerald production and to use the method of FIAs to best characterize formational conditions for emerald. However, despite the careful petrography and FIA classification, it is clear (Table 3, Figure 11 ) that some FIs and FIAs have suffered post entrapment changes and these changes are manifested as large ranges in the salinities and homogenisation (Table 3 , FIT-1, FIA-2) are shown in light and dark grey shaded areas respectively. The individual isochores are labelled with the first digit representing the FIT, the second digit representing the FIA, and the fourth and/or third digits representing the individual FI number from Table 3 . The liquid-vapour curve for a 12 wt % NaCl-H 2 O fluid, derived from the data of [36] , is shown in grey with grey text.
The primary FIs from the zoned emerald are the focus of this study and every effort has been made to relate these to the richest zones of emerald production and to use the method of FIAs to best characterize formational conditions for emerald. However, despite the careful petrography and FIA classification, it is clear (Table 3, Figure 11 ) that some FIs and FIAs have suffered post entrapment changes and these changes are manifested as large ranges in the salinities and homogenisation temperatures within individual FIAs. Concentrating on the primary FIAs, we draw two important inferences from these data ranges. The first being that there is a tendency towards increased scatter within an FIA with increased severity of post entrapment changes. Secondly, based on the first observation, the FIA showing the least amount of scatter likely represents the FIA experiencing the least amount of post-entrapment changes and thus more closely resembles the pressure, temperature and fluid composition characteristic of emerald precipitation, with the caveat that it is also possible that the FIA displaying the smallest range in microthermometric measurements could also be interpreted as the assemblage with the greatest degree of post-entrapment re-equilibration. However, we deem this the more complicated and less probable scenario, as necking down [17] is the more commonly observed outcome of post-entrapment changes in FIs and this is generally observed as increased variance in the homogenisation temperatures, and to a lesser extent the salinities, of the resulting FIs.
Secondary FIs from the later FITs (2, 3 and 4) are trapped as planes of FIs crosscutting both quartz and emerald from our studied samples. As these later FITs are all liquid dominant and homogenise to the liquid, they cannot represent conjugates of a boiling system with FIT-1 and thus must represent subsequent fluids passing through emerald bearing rocks after the precipitation of the zoned emerald in our samples. The secondary FIs measured in this study (sample MDC729, Table 2 ) reveal the secondary fluid has a much higher salinity, near halite saturation. The literature did not reveal any studies of zoned primary minerals within the later regional igneous or metamorphic rocks, thus we deemed it unlikely that a regional reconnaissance FI study would reveal primary FIs relatable to these later fluid events, but should zoned minerals occur in the surrounding rocks, this might provide an area for further research.
The large temperature range for emerald precipitation is limited by the oxygen isotope thermometry of quartz-beryl/emerald pairs. This range is large despite careful efforts to select quartz-emerald pairs displaying textural equilibrium in hand specimen and thin section. The highest temperature is derived from sample MDC1811 (Figure 3 ), comprising zoned emerald crystals. Sample size and limited sample material were a limitation for the δ 18 O analyses, but it is possible that the variation in stable isotope numbers is due to later metamorphic resetting, initial differences in the fluids depositing the dark versus clear zones in the emerald, or an unidentifiable zoning in the quartz. The quartz did not display any growth zones, and it is possible that the different zones in the emerald could correspond to potential but unidentifiable zones in the quartz. It is also possible that our limited sample size for emerald and quartz sampled various proportions of two mismatched precipitation events of the quartz and beryl (cf. [7] ). The range in δD VSMOW values from −22 to −55 shows two small but distinct data sets, three points with higher δD values corresponding to a distinctly metamorphic fluid, while the second data set of two points of lower δD values overlaps both the igneous and metamorphic fluid fields (Figure 11) . Thus, the stable isotopes, as do the fluid inclusion studies, reveal two distinct fluids and these two distinct δD data sets combined with the geological observations are consistent with a combined magmatic and metamorphic origin for the Poona emerald [15] .
Chromium, released to the fluid via the early breakdown of Cr-rich chlorite [4] , was locally available to form emerald, but subsequently and/or distal to this, the chlorite Cr concentrations were too low to form emerald. This model would be consistent with boundary layer effects [44] and could account for the zoning observed in some of the emerald as chlorite was ultimately entirely consumed. The fluids precipitating the beryl and emerald layers would be very similar in terms of salinity, pressure and temperature but would have variable local Cr concentrations depending on proximity to chlorite breakdown. These differences would be subtle and not detectable by microthermometry. Likewise, localised differences or boundary layer effects could similarly contribute to localized differences in oxygen isotope values in the fluid phase precipitating the zoned emerald. Our data neither supports nor contradicts the hypothesis of Cr-enriched fluids via the breakdown of Cr-rich chlorite, but the localized subtle changes in fluid chemistry is certainly consistent with the salinities in FIAs in our zoned emerald.
The chemistry of the Poona emerald zonation ranges up to 0.27 wt % Cr 2 O 3 with lesser concentrations of V 2 O 3 . These values are in good agreement with the analyses of early researchers and with the historical observations of zoning within the Poona emerald [13] . This zoning generally takes the form of relatively clear cores rimmed with emerald as in Figure 3 , but reverse zoned emerald ranging from beryl with approximately 0.1 wt % Cr 2 O 3 at the edges to a core with one anomalous value of 1.46 wt % Cr 2 O 3 and an average in the range of 0.3 wt % Cr 2 O 3 are documented [4] . The Poona emerald shows distinct cathodoluminescence banding, ranging from light to dark blue. Uncharacteristically for emerald, the high Cr regions of the Poona emerald have limited CL emission, while the colourless (low-Cr) zones emit dominantly blue wavelength light. However, there is not a clear relationship between the abundance of CL and chemical composition, as the core of one studied emerald yielded very low CL emissions and had the lowest concentrations of Fe, Cr, and V (Figure 3 ) in direct contrast to the central and outer rim chemistry and CL emission levels. Clearly, there are other chromophores or CL quenching elements in the Poona emerald, but this is beyond the scope of this present study.
The genesis of emerald deposits is often controversial with the majority of emeralds worldwide interpreted to have formed by a Be-rich fluid interacting with a source of Cr (±V). A common classification scheme for emerald deposits delineates a Type 1 deposit related to a granitic intrusion and Type 2 deposits controlled by tectonic structures [5, 45] . The zoned nature of the emerald, the polymetamorphic history of the region and the diverse fluid inclusion assemblages trapped within emerald is indicative of multiple generations of emerald precipitation at Poona. Hypotheses for the genesis of emerald at Poona range from metamorphic to igneous origins, and combined metamorphic-igneous origins [15] . The greenstone sequence at Poona is a raft that was surrounded and intruded by multiple generations of granites over a period of~100 million years. Some pegmatite and granodiorite intrusives at Poona were either pre-or syn-tectonic and the temperature and pressure ranges determined in this study for emerald mineralisation are consistent with the greenschist to lower amphibolite facies regional metamorphism (335-525 • C; 70-400 MPa). Field relations and refinements of the geochronological framework for the northern Murchison Domain suggest that the granodiorite intrusives and syn-tectonic pegmatites at Poona may have been emplaced within the period~2710-2660 Ma (the age range of D 3 deformation [19] ), and were related to the Big Bell Suite granitoids (2720-2690 Ma). Pegmatites have also been described crosscutting the regional tectonic fabric [4] and these probably were derived from the later post-tectonic, fractionated Bald Rock Supersuite granites that intruded the area (~2620 Ma; 2640-2605 Ma).
Conclusions
The Poona emerald displays chemical and colour zoning at the micrometre scale. This zoning is expressed chemically as major variations in Cr, V, and Fe concentrations, and is reflected optically in the colour of the emerald/beryl, and in terms of blue cathodoluminescence emission. The CL emissions range from very low CL emission in zones of elevated Cr ±V concentrations to relatively higher CL emissions at blue wavelengths in areas of lesser concentrations of Cr ±V and elevated Fe. This is inconsistent with previous studies of CL in emerald and cannot be sufficiently explained in terms of Cr, V, and Fe concentrations and requires additional research.
New channel water concentration data for the Poona emerald supports a proportional relationship between Na 2 O contents and channel water concentration, initially defined as a linear relationship. This study incorporates the new Poona data with subsequent and existing literature data to define a logarithmic relationship between Na 2 O and H 2 O channel water concentrations yielding a better fit at the theoretical zero level and maximum concentrations of approximately 3 wt % H 2 O consistent with observed literature values.
New fluid inclusion data, combined with 18 O and D isotope thermometry and fluid sourcing diagrams, are consistent with multiple generations of emerald precipitation, likely occurring during syn-tectonic pegmatite emplacement and regional lower amphibolite to greenschist facies metamorphism from~2710-2660 Ma. Combined primary emerald-hosted fluid inclusion and stable isotope thermometry are consistent with the major phase of emerald precipitating over the temperature range of 335-525 • C and pressures ranging from 70 to 400 MPa from a single-phase saline fluid of approximately 12 wt % NaCl equivalent. The secondary emerald-hosted FITs identified in this study and previous studies, are less clearly defined in terms of pressure and temperatures conditions, but are consistent with emerald precipitation from multiple fluids throughout the protracted history of these rocks. Likewise, the exact timing of the secondary FIs cannot be clearly established, but their secondary nature and differing fluid compositions is consistent with a subsequent metamorphic generation of emerald/beryl overprinting a primary igneous emerald/beryl generation at Poona.
